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Abstract 


Searches for SUSY particles are the main physics focus of the ongoing Run Ila of 
the Tevatron. LEP results have constrained heavily the Minimal Supersymmetric 
Standard Model. In this paper the results obtained at LEP and the Tevatron 
Run I are analysed within two consistent scenarios: the gravity-mediated MSSM 
framework and the minimal SUGRA scenario. In these frameworks limits much 
beyond the kinematic reach of LEP are set, and the allowed mass range for particles 
which are not directly observable at LEP is explored. These results can be used to 
evaluate searches at the Tevatron Run 11. Both R-parity conserving and violating 
scenarios are considered. Model-dependence and coverage of LEP results is discussed 
in view of searches at the Tevatron Run II, and a conservative review of some of the 
other constraints is given. Consequences of the light Higgs boson of the Minimal 
Supersymmetric Standard Model with mass close to 114-117 GeV/c^ and branching 
ratio to bb consistent with the one expected in the Standard Model are examined. 


Presented at the Fourth Nordic Workshop for the LHC Physics, Stockholm 2001. 




1 Introduction 


Supersymmetry (SUSY) is believed to be one of the most attractive scenarios for physics 
beyond the Standard Model. In the last few years around 150 papers on experimental 
searches for SUSY were published, out of which around 100 were related to the LEP results 
and close to 30 to the Tevatron results. This large number of papers reflects perhaps as well 
the large number of free parameters relevant to SUSY models at the presently explored 
energy scale. LEP and Tevatron are complementary from the experimental point of view: 
LEP has lower energy reach, but it is better suited to explore corners of SUSY models in 
a relatively assumption independent way, while the Tevatron can discover SUSY provided 
the Nature has chosen a version of the model with favourable signatures. For this reason 
perhaps, LEP and Tevatron results are rarely analysed in a consistent framework, and 
usually models used to interpret LEP results are less constrained. 

In this paper the results obtained by LEP experiments and these of the Tevatron Run 
I are analysed within two consistent scenarios: the gravity-mediated constrained MSSM 
framework and the minimal SUGRA scenario. In these frameworks, limits much beyond 
LEP’s kinematic reach can be set, and the allowed mass range for particles which are 
not directly observable at LEP (sneutrino and gluino) can be explored. This has direct 
consequences for designing the searches at the Tevatron. 

In the Minimal Supersymmetric extension of the Standard Model (MSSM) |l|, each 
Standard Model particle has a supersymmetric partner with the same couplings and with 
spin differing by h/2. Large corrections to the Higgs mass from interactions involving 
virtual particles (heavy quarks in particular) are partially cancelled due to their super¬ 
partners. If they are lighter than 1-10 TeV/c^ this solves the so called hierarchy problem 
1^. Moreover, supersymmetric particles modify the energy dependence of the electromag¬ 
netic, weak and strong coupling constants, and help them to unify at the scale of around 
10^5 GeV§. 

The Higgs sector of the MSSM has to be extended to two complex Higgs doublets 
Hi,H 2 responsible for giving masses to the up and down-type fermions. Five physical 
Higgs boson mass states remain after the Electroweak Symmetry breaking. The lightest 
scalar neutral Higgs boson h° and the heavier pseudoscalar neutral Higgs boson A are 
of interest for this paper. On the tree level, masses of the Higgs bosons depend on just 
two parameters, which can be chosen as tan/3, the ratio of vacuum expectation values 
of the two Higgs doublets, and tiia- In particular rrih < mz * \cos2j3\ [|, however due to 
radiative corrections mentioned above (which depend on the top quark mass, and on the 
mass terms of the superpartners of heavy quarks), the upper limit on the mass of the 
lightest Higgs boson grows to mh ^ 135 GeV/c ' ii- 

If rriA ^ 150 GeV/c^ the lightest supersymmetric Higgs boson resembles very much 
the one of the Standard Model. Precise electroweak measurements suggest that the 
Higgs boson is relatively light |, rrih = 88l|gGeV/c^, well in the range of the MSSM 
prediction. Searches for the Standard Model like Higgs boson at LEP set a lower 

limit for mh, mh >114.1 GeV/c^ ( if tan/3< 6, or mA >120 GeV/c^), constraining heavily 
the MSSM. The 2.1 ct “excess” observed at LEP of events compatible with production 
of the Standard Model Higgs boson with mh ~ 114 — 117 GeV/c^, together with the EW 

^For niA >> mz, mz*\cos2/3\/(1+m'^/m\), and for tan/3 ^ 10, ^ mz*\cos2l3\ 

^The central value moves to ^ 110 GeV/c^ if a different ansatz for hadronic corrections to the fine 
structure constant is used 



constraints, makes low nih, just above the reach of LEP, quite probable. The Run II of 
the Tevatron should cover the whole mass range allowed for in the MSSM, providing 
a dehnite answer to whether the MSSM is a valid extension of the Standard Model 


The MSSM provides a phenomenologically interesting wealth of superpartners of the 
Standard Model particles. Supersymmetric partners of gauge and Higgs bosons (gauginos 
and higgsinos) mix to realize four neutral mass states, neutralinos, X^-i=i 4 ) nnd four 
charged mass states, charginos, xt,xt- Superpartners of left-handed and right-handed 
fermions, “right-handed” and “left-handed” scalar quarks (squarks) and scalar leptons 
(sleptons) can mix. This leads to the off-diagonal “left-right” terms in their mass matrices 
and induces an additional mass splitting between the lighter and the heavier state. 

While the Higgs sector is well constrained in the MSSM, very little can be said about 
the superpartners mass spectrum unless one makes some additional assumptions. Experi¬ 
mental searches at LEP and the Tevatron (discussed in more detail in section ^ constrain 
the lightest chargino and the sfermions to be heavier than ~ 100 GeV/c^, except for patho¬ 
logical mass conhgurations which are discussed later. The Supersymmetry has thus to be 
broken. The pattern of the sparticle mass spectrum depends primarily on the mechanism 
of its breaking. 

In the models with gravity mediated supersymmetry breaking which will be discussed 
in this paper, the lightest neutralino (y?) is usually the Lightest Supersymmetric Particle 
(LSP). If R-parity ^ is conserved the LSP does not decay, and it is an ideal cold dark 
matter candidate [T^. R-parity conservation was introduced to suppress baryon and 
lepton number violating terms in the MSSM Lagrangian and thus to prevent the proton 
from decaying. However it is not the only and perhaps not the best way to achieve 
this aim. Constraints on models with broken R-parity will be only briefly discussed in 
this paper along with a detailed discussion of R-parity conserving models. 


Experimental searches motivated by the MSSM with R-parity conservation and 
gravity-mediated supersymmetry breaking exploit features of the model independent of 
further assumptions, like the strength of superpartner couplings to the gauge bosons, 
pair-production of sparticles, and the missing energy and momentum signature due to 
escaping LSPs in the final state. The same is to a large extent true for searches in the 
MSSM with R-parity violation, except that single sparticle production and complicated 
decays of the LSP have to be taken into account. 

However, to cover “pathological” situations with hnal states which cannot be efficiently 
detected or situations where the production cross-sections are low, or hnally to achieve 
more predictivity and set limits on masses of the sparticles which are not directly observ¬ 
able (e.g. the LSP in the R-parity conserving model), additional model assumptions have 
to be made. In this paper two “flavours” of such constraining assumptions are discussed 
(see section |]): the constrained MSSM with non-universal Higgs parameters (CMSSM 
with nlJHP), which is often used to interpret LEP results, and an even more constrained 
minimal SUGRA scenario (mSUGRA) 0, often used to interpret Tevatron results and for 

^it-parity is a multiplicative quantum number defined as R = (—l)3(-B-r)+2S g gj-g 

the baryon number, the lepton number and the spin of the particle, respectively. SM particles have R=-|-l 
while their SUSY partners have R = —1 

The definition of mSUGRA used in this paper corresponds to what is called CMSSM with universal 
Higgs masses in 











benchmark searches at future colliders |]^. It is shown in section ^ that in both models 
LEP results can be used to exclude sparticles much beyond the kinematic limit of LEP. 
Perspectives to hnd sparticles at the Tevatron are discussed in section 


2 The models: CMSSM with nUHP and mSUGRA 

To make the MSSM more predictive, the unihcation of some parameters at a high mass 
scale typical of Grand Unihed Theories (GUT) can be assumed. In this section, approx¬ 
imate relations between the model parameters and the superparners masses which are 
important to understand the experimental limits will be quoted without explanations. 
For a more complete information see e.g. []^. 

2.1 CMSSM with nUHP 

As well as the already mentioned tan (3 and m^, the following parameters are relevant in 
the constrained MSSM with non-universal Higgs parameters: 

• the Higgs mass parameter, 

• iVfi, M 2 , Ms, the U(l) X SU{2) x SU{3) gaugino masses at the electroweak (EW) 
scale. Gaugino mass unihcation at the GUT scale is assumed, with a common gaug¬ 
ino mass of mi/ 2 . The resulting relation between Mi and M 2 is Mi = ^tari^9wM2 ~ 
O. 5 M 2 , 

• rrif, the sfermion masses. Under the assumption of sfermion mass unihcation, mo 
is the common sfermion mass at the GUT scale, 

• the trilinear couplings Af determining the mixing in the sfermion families. The 
third family trilinear couplings are the most relevant ones, A-r, A\y, At. 

Gaugino mass unihcation leads to mi /2 — I. 2 M 2 and to the following approximate 
relations between rn-±, m^o and the gluino mass {rrig): 

• in the region where y? and xt gauginos (|/i| >> Mi), m^± ~ m^o ~ 2 m^o, 
rrio — 3.2 m^± and m^± ~ M 2 , 

^ Xi Xi 

• in the higgsino region (|/i| << Mi), m-± ~ m^o ~ m^o ~ |/i|. 


The relations between chargino, neutralino and gluino masses and |/i| and M 2 are 
ahected by radiative corrections of the order of 2%-20% Q- However, only the relative 
relations between chargino, neutralino and gluino masses are important from 
the experimental point of view, and here the corrections are much smaller. For 
example, the relation m^±/m^o ~ 2 in the gaugino region, which is usually exploited 
to set a limit on the LSP mass, receives the corrections only of the order of 2%; and 
the ratio ~ 3.2 receives corrections of the order of 6%. Thus, for example, the 

2S[] on the chargino mass of 103.5 GeV/c^ set by LEP (valid for m£;>300 GeV/c^, 

51 GeV/c^ 


limit 


and for M 2 




200 GeV/c^) can be safely translated to m^o 









and rrig ^ 310 GeV/c^. 


If the sleptons are heavy the chargino mass limit excludes regions in (M 2 , \fi\ ) plane 
(see e.g. [j^). For tan/? ^ , 2 |/i| ^ 100 GeV/c^ is excluded up to very high values of M 2 


(of the order of 1000 GeV/c^ or more) while M 2 ^ 100 GeV/c^ is excluded for |/i| ^ 100 
GeV/c^. 


Electroweak symmetry imposes the following relation between the masses of the su¬ 
perpartners of the left-handed electron (e/,) and of the neutrino (n), 

1) -|- rn^\cos2(3\. 

The assumption of sfermion mass unihcation relates masses of the “left-handed” (m^) 
and the “right-handed” {rriR) “light” sfermions, “light” squark masses, and the gaugino 
mass parameter M 2 . For example : 

2) rriy^ = mQ + 0.77M| — 0.5mz^| cos2/?| 

3) m\ = rnl + 0.77M| -|- (0.5 — siri^9w)mz^\ cos2/?| 

4) mfj = + 0.22M| -|- sin^0wm'i^\ cos2/?| 

5) rud^ = ml -|- 9M| -|- (0.5 — 1 /3.sin^6w)mz'^ \ cos2/?| 

Thus, for example, ^ 310 GeV/c^, if m^± ^ 103.5 GeV/c^. 

Mixing between left and right states (present for superpartners of heavy fermions) 
gives rise to off-diagonal “left-right” mixing terms in their mass matrices, which lead 
to a mass splitting between the lighter and the heavier state. At the EW scale these 
terms are proportional to m^(A,- — /itan/?), mb{Ab — /itan/?) and mt{At — /i/tan/?) 
for f, b and t, respectively, where A^, Ab, At are free parameters. Therefore, for large 
/i this can give light stau and sbottom states if tan f3 is large, or a light stop for small tan /?. 


For large m^, the lightest Higgs boson mass depends primarily on tan /?, mtop and the 
mixing in the stop sector Xt (expressed here as Xt = At — /i/tan/3), and this dependence 
is maintained whether any additional constraints on the MSSM are imposed or not. The 
top quark mass is presently known with the uncerntainty (la) of around 5 GeV/c^ |T9|, 


and the resulting uncerntainty of the lightest Higgs boson mass calculation is around 
6.5 GeV/c^, as — 2Amtop/mtop. It was shown in that for a given tan/? 

and top mass, the maximal occurs for Xt/msusY = VQ- Another, slightly lower 

maximum occurs for Xt/msusY = —\/G. msusY is typically taken to be of the order of 
the gluino mass, or of the diagonal terms in the squark mass matrices, and grows 


with msusY- 

It should be noted that the off-diagonal terms in mass matrices of the third family 
sparticles cannot be too big compared to the diagonal terms, in order for a real solution 
for sparticle masses to exist. As diagonal terms grow with and M 2 , for every given 
value of the off-diagonal term a lower limit is set on the corresponding combination of ttiq 
and M 2 0. 


^To avoid “tachyonic” mass solutions we must have: 


mu + mrr > \J{mu - mrrY -t 4 * 

where mw is the off-diagonal mixing term, and mu ^ mrr are the diagonal mass terms. For example, for 
the stop we have mir = mtopXt and, 












2.2 mSUGRA 


In the minimal SUGRA model not only the sfermion masses, but also the Higgs masses 
tuh^ and mH 2 , are assumed to unify to the common mo at the GUT scale. Then m^^ 
becomes negative at the EW scale in most of the parameter space, thus ensuring EW 
symmetry breaking. 

The additional requirements of the unification of the trilinear couplings to a common 
Afj and the correct reproduction of the EW symmetry scale, which fixes the absolute 
value of /i, defines the minimal gravity-broken MSSM (mSUGRA). The value of /i^ can 
be determined minimising the Higgs potential and requiring the right value of mz- At 
tree level |l|: 

7) ~ mg 0.5m^i/2, ~ -(0.275mo 3.3m^i/2) 

The parameter set is then reduced to mi/ 2 , mo, tan/?, Aq and the sign of fi. 

In addition to the mass relations listed in the previous subsection, rriA can be related 
to mi /2 {M 2 ), mo and Yukawa coupling of the top quark. The stop mixing parameter can 
be expressed (approximately) as At = 0.25Ao ~ 2mi/2 (Q). The lightest Higgs mass can 
thus be related to mi /2 {M 2 ), and the experimental limit on it can be used to set limits on 
the masses of (for example) the lightest chargino and the lightest neutralino dependent 
on tan/3, Aq and rritop- 


3 LEP and Tevatron results 


In years 1995-2000, the Aleph, DELPHI, L3 and OPAL experiments at LEP collected 
an integrated luminosity of more than 2000 pb~^ at centre-of-mass energies ranging from 
130 GeV to 208 GeV. These data have been analysed to search for the sfermions, charginos, 
neutralinos and Higgs bosons predicted by supersymmetric models [0, 
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24. 2.5 


Extensive searches for supersymmetry and Higgs were performed at the Run I of the 


Tevatron with luminosity of around 100 pb 
this note are discussed below. 


-1 


LEP and Tevatron results used in 


3.1 Searches for h® production 

The Standard Model Higgs boson is produced via the Bjorken “higgsstrahlung” process, 
e’''e“ —>• Z* —>■ hZ. Higgs searches (both in the Standard Model and the MSSM) are 
primarily sensitive to the Bjorken process with h bb. Thus, the 95% GL lower limit 
on the SM Higgs mass of m^ > 114.1 GeV/c^ set by LEP |p corresponds approximately 
to the limit cr(ee —>• hZ) x BR(h —>• bb) ^ 0.07 pb at ^/s=207 GeV. This value can be 
used to set a conservative h° mass limit in the MSSM. It follows that the SM mass limit 

mu ~ ttiq -I- 9M| -|- -I- m^cos2f3{0.5 — 2f3sin76w) 

mrr — TOq -I- S.SMf + iTT-top + 2./3m%cos2l3sin‘^9w 

For an example value of Xt = V6 TeV/c^, the condition above sets a lower limit on a combination of 
mp and M|: mo^ + 8.5M2^ > 0.39 TeV/c^ Thus, if mp < 300 GeV/c^ we must have M 2 > 190 GeV/c^. 

® For low tan/3, m\ ~ mp -t 3m1^2 ~ ”^1- As m^^p grows with and At (see section |^), Higgs 
searches can be used to set a limit on mi /2 {M 2 ) which depends on tan/3, Aq, and mtop 









holds in the MSSM if tan/?< 6 and/or rriA >120 GeV/c^ (where e+e“ —> Z* ^ hPZ and 
h° —> bb dominate [|), unless there are supersymmetric particles to which h° decays or 
which enhance other branching-ratios via virtual loops. For h° —>■ Xi (or decaying 
to other experimentally invisible hnal states) there exist a limit ruh > 114.4 GeV/c^ set 
by LEP §. 

For iriA < 1000 GeV/c^, At-/ j,/ tan(3=\/6 TeV/c^ (the maximal rriho scenario used 
in [§|), and rritop = 174.3 GeV/c^, the tan/3 range, 0.5> tan/3 > 2.36, is excluded by 
the Higgs searches, if there are no supersymmetric particles which affect Higgs decay 
branching fractions ||^. 

The possible “evidence” observed at LEP for a SM like Higgs boson with rrih = 
114 — 116 [§] is based on a 2.1 a excess of qqbb events compatible with h°Z production. It 
can be translated into an approximate preferred region of 0.03 pb ^ a{hZ) BR(h —> bb) 
^ 0.07 pb at ^/s=207 GeV. 

Searches at the Tevatron Run 1 impose m-^o > 120 GeV/c^ for tan/3> 70, and 
m^o > 110 GeV/c^ for tan/3> 60. 


3.2 Searches for charginos and neutralinos 

After the Higgs, charginos were the most important SUSY discovery channel at LEP. 
Unless there is a light sneutrinoQ, the chargino pair production cross-section is predicted to 
be large if m^± < \fs/2. A lower limit on the chargino mass of 103.5 GeV/(? was set 0 . 
assuming 100% branching fraction to the R-parity conserving decay mode Xi Xi^*- 


All R-parity violating modes were studied as well , and limits of 102-103 GeV /c 


on the chargino mass were set. If the results of all LEP experiments are combined, the 
limit will probably reach the kinematic limit of 104 GeV/c^. It should be noted that 
if R-parity is violated, sneutrino decays lead to visible hnal states; thus light sneutrinos 
(and the regions in parameter space where the chargino production cross-section is low) 
can be directly excluded from the non-observation of sneutrino pair-production Q. 

Gross-section limits for chargino pair-production were set. In R-parity conserving 
scenarios they depend primarily on the difference between the mass of the chargino and 
an undetectable sparticle it decays to (e.g. Xi or ^)- Ghargino pair production with cross- 
section larger than 0.1-0.2 pb (corresponding to a/s ~ 205 GeV, the average energy of the 
year 2000 data) is excluded for AM > 20 GeV/c^ |^, ^], where AM = m^± — m^o 
or AM = m^± — rriy. If these limits are combined, a chargino production cross-section 
above 0.05 pb-0.1 pb can be excluded. The limit on chargino mass of m^± ^ lOOGeV/c^ 
can be set for the light sneutrino as well, as long as AM ^ 10 GeV/c^. 

If sfermion mass unihcation is assumed, searches for e^ can be used to set a lower limit 
on the sneutrino mass, and thus on the chargino mass in the case of a light sneutrino and 
AM < 10 GeV/c^. Moreover, if e^ and e/j are light, neutralino production in the gaugino 
region is enhanced [|, and neutralino searches set an indirect limit on the sneutrino mass 

^ for smaller itla the production of and ^ cc decays start to be important, and the experimental 
sensitivity degrades 

®In the gaugino region the chargino production cross-section can be quite small due to the negative 
interference between the t-channel sneutrino exchange diagram and the s-channel Z/y exchange diagram. 
Higgsino-type charginos do not couple to the sneutrino. 

^Experimentally observable neutralino production (for example X 1 X 2 ) has quite large cross-section in 
the higgsino region as higgsinos couple directly to Z. However, in the gaugino region there is no tree-level 













in some regions of the parameter space. 

In R-parity conserving scenarios, another ’’blind-spot” in chargino searches arises when 
the fi is light and close in mass to the x? HI, I 
XiT then dominate, and lead to an “invisible” 


Hf. Chargino decays xt ^ ^ with ti —>• 

hnal state; but the search for neutralino 


production can be used 


in this case. If neutralinos decay via light stau states and 


nif is close to m^o, X 1 X 2 production with X 2 ^ind f —>• Xi^ leads to only one r visible 


in the detector; nevertheless limits on the cross-section times branching ratio are of the 
order of 0.1-0.4 pb [^. The search for X 2 X 2 ^^e same region reaches a sensitivity of 
0.06 pb In the CMSSM with nlJHP, the region in (M 2 ,/i, mg) space where the stau 
is degenerate in mass with the LSP depends on mixing parameters: A^, and Ah,At. It is 
possible to hnd conhgurations of mixing parameters (typically with |/r| few times larger 
than M 2 and mo) such that the stau is light and close in mass to Xi while the selectrons 
are heavy, rendering the neutralino cross-section small. However, the chargino production 
cross-section is large in this case, and this region can be explored by the search for xtxtx 
production |^, |^, Q where the photon arises from initial state radiation and is detected 
together with a few low energy tracks originating from X 2 f —>■ x^t decay chain. 

In mSUGRA, |/ip is in the range 3.3 m^/2”0.5m| < /i^ < ml -|- 3.8m^/2 tan/3>2 

and and light stau cannot be degenerate with neutralino for large mo. Thus neutralino 
searches set a limit on the chargino mass for small m^^ — m^o which is close to the one 
obtained for heavy sleptons (around 103 GeV/c^). 

It is perhaps worth mentioning that, because in the higgsino region (Mi >> |/r|) the 
X 1 X 2 production cross-sections at LEP are large, X 1 X 2 production can be excluded nearly 


up to the kinematic limit as long as m^o is not too close to m^o {M 2 ^ 1500 GeV/c” 




m 


the constrained MSSM). For 200 < M 2 < 1500 GeV/c^ a lower limit on the LSP mass 
of 70 GeV/c^ was set by DELPHI using the data collected at ^/s= 189 GeV. In 
the constrained MSSM the mass difference between the lightest chargino and the lightest 
neutralino is less than 3 GeV/c^ for M 2 ^ 1500 GeV/c^ 
around 86 GeV/c^ was set in this region by L3 Gollaboration, 
limit on the mass of the lightest neutralino. 


A lower limit on the m-± of 

Xi 


implying a similar lower 


3.3 Searches for Sleptons and Squarks 

Pair-produced selectrons and muons with the typical decay modes, I have 

been searched for by all LEP collaborations. These searches exclude slepton pair 
production with a cross-section above (0.02-0.1) pb depending on the neutralino 
mass and on the slepton mass, assuming 100% branching fraction to the above decay 
mode. With this assumptions, right-handed smuons (selectrons) lighter than around 
96 (99) GeV/c^ can be excluded, provided m^^(me^) — m^o ^ 20 GeV/c^ and that 
the selectron pair production cross-section is as for tan/?=2, /r=—200. For the minimal 
coupling to Z/j and sufficiently large AM = m^^ — m^o > 15 GeV/c^, m^^ ^ 85 GeV/c^ 
can be excluded, while the lower limit on the mass of the stable stau is close to 87 GeV/c^. 

The results of the LEP combined searches for sbottom (b) and stop (t) are used in 
this paper. The typical decay modes t —>■ x^c and b Xi^ have been searched for. 
These searches exclude squark pair production with a cross-section above (0.05-0.1) pb 


coupling of Xi to Z, and e+e 


X1X2 oan only be mediated via t-channel selectron exchange. 























depending on the nentralino and on the squark masses, assnming 100 % branching fraction 
to the above decay modes. For the minimal conpling to Z /7 and for AM = — m^o 

> 15 GeV/c^, the t(b) with mass below 95 (93) GeV/c^ is then exclnded [p 8 | . 

The GDF Rnn I searches exclnde a stop quark lighter than 115 GeV/c^, if 
m^o<50 GeV/c^. However, searches at LEP exclude m^o<50 GeV/c^ in most of the 
parameter space (see section If GDF and LEP results on the sbottom searches 
are combined, a bi lighter than 140 GeV/c^ can be excluded for m^o<60 GeV/c^ and 


AM = rn^ — rn^o > 7 GeV/c^ [^, ^ 


4 Other experimental constraints 

Other experimental constraints which be can used to evaluate SUSY models are the 
measurements of the 6 —>■ sq decay rate (via B —> A^q decay), the measurement of the 
muon magnetic moment (g-2) and, in R-parity conserving scenarios, the relict abundance 
of the LSP given by the model. These constraints are discussed briefly below. 

A possible discrepancy with the Standard Model was recently reported in the g-2 
experiment , suggesting a presence of sparticles [^, ^ lighter than a few hundrets 

of GeV/c^’s. However, the experimental results are still very fresh and need a cross-check 
with more statistics. 


In the constrained MSSM, the SUSY contribution to B —y A^q depends primarily on 
the charged Higgs-top quark loops and chargino-stop quark loops. The result obtained by 
the GLEO collaboration, B A^q = (3.21 ±0.43±0.27]'^o;io) 10”^ compatible with 

the recent result of BELLE B —>• A^q = (3.34 ± 0 . 50 ]'^o; 37 to; 28 ) 10 “^ and compatible 

with the next-to-leading order SM prediction including non-perturbative effects, B —>■ 
Xg'-y = (3.71 ± 0.31)10“^ [^. Thus the overall SUSY contribution (which can be either 


positive or negative) has to be small. A relatively conservative estimate of the allowed 
range for the SUSY contribution would be to use weighted (with the statistical errors) 
average of BELLE and GLEO results and to treat systematic errors and theory errors 
as fully correlated. The experimental result is then B A^q = (3.27 ± 1.15(2.5 (t) ± 
0.27 ± 0.2)10“^. Using 2.5 a (95‘% conhdence level) statistical error and assuming that 
the systematic and theory errors can induce a correlated shift of the result, one arrives at 
a conservative allowed range for the discrepancy beetween the theoretical (SM-I-MSSM) 
and the experimental value (EX); —2 x 10“^ ^ (MSSM-I-SM)-EX ^ 2 x 10“^. 

In the constrained MSSM, SUSY contribution is small for a large rriA (and thus 
large mH± as Mjj±=M^ -|- M\ ), and in the gaugino region for the chargino where 
the chargino-stop coupling is smaller. For example, the charged Higgs-top contribution is 
below 0.25(1) x 10“^ for > 1000(250) GeV/c^ and low tan/3 | 
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The chargino- 

stop contribution in the gaugino region (M 2 < 0.2|/i|) is of the order of 0.25 x 10“^ for 
m-± = mi = 300 GeV/c^ and of the order of 2 x 10“'^ for m-± = mi = 100 GeV/c^, close 
to the experimental lower mass limit. The charged Higgs-top contribution always adds 
to the SM one, whereas there can be a destructive interference between the SM and the 
chargino-stop contribution. Both contributions grow at large tan /3. The charged Higgs- 
top contribution contains tan/3 dependent NLO terms. The chargino-stop contribution 
grows with ~ A^/itan /3 for high values of tan /3 already in the leading order. It was shown 




















in that there is a cancelation between the leading and next-to-leading order terms for 
At > 0 and /i > 0 and the chargino-stop contribution is never very large. For example, 
for At = = 500 GeV, mi = 250 GeV/c^ and tan/9<40 the chargino-stop contribution 

is smaller than 0.25x10“"^. For At = —jj, = —500 GeV and tan/?=20(40) it is however of 
the order of 2(4) and, if At/r < 0, can be partially cancelled by the charged Higgs-stop 
contribution. Thus if At < 0, the positive /x is favoured and for tan (3 >20 one must have 
either ti or yf heavier than ~250 GeV/c^ or mH±{mA) of the order of 250(200) GeV/c^. 

In mSUGRA At ~ 0.25Ao — 2mi/2, thus it is negative unless one considers large and 
positive Aq values. As M 2 , /x, mH±, At, and the stop and the chargino masses are related, 
the B —>• Xsj measurements can be used to exclude regions of (mi/ 2 (Af 2 ); mg) space. 
This was discussed in e.g. [^, [T^ for Aq = 0. Somewhat less conservative estimate of 
the allowed experimental range of R —>■ Xgj was used there than sugested in this paper. 


At tan (3 < 10, there is essentially no constraints for /x > 0 and m-± ^ 


100 GeV/c2, 

whereas either a heavy chargino or a squark is required if /x < 0. For tan/? > 20(35), the 
limit of ~ 200(300) GeV/c^ is set for mi /2 if mg ^ 600 GeV/c^. This corresponds to 
a lower limit on the diagonal terms in the squark mass matrix (or on the masses of the 
superpartners of light quarks) of the order of 600-700 GeV/c^. However, the sbottom 
squark can still be made lighter via mixing. The bounds mentioned above cannot have 
an interpretation of limits at 95% level. For that, a more sophisticated estimate of the 
allowed range of the experimental value should be employed, and SUSY contribution to 
B —> Xs 7 should be calculated for Aq values other than oO 


If R-parity is conserved, the Universe could be hlled with the neutralino relict of the 
Big Bang. The relict LSP density {VL^sph'^) is governed by their annihilation rate at 
decoupling time [Q. If the annihilation rate was too small we could have enough LSP 
Dark Matter to have collapsed the Universe by now. The annihilation rate is proportional 
to the neutralino self-interaction cross-section and to the interaction cross-section between 
LSPs and other supersymmetric particles (co-annihilation) which are suitably close in 
mass (see e.g. P5[] ). 

For higgsino type neutralinos, the self-interaction can be mediated by the Z and the 
cross-sections are large enough to keep flisph^ < 0.3, as long as m^o ^ 10 TeV/c^. 


For gaugino-like neutralinos the cross-sections are smaller, and the tree-level interac¬ 
tion process has to be mediated by sfermions or Higgs bosons. The annihilation rate is 
roughly inversely proportional to the neutralino and the slepton mass scale, if one neglects 
the resonant annihilation x^Xi H []^ or XiXi —>■ A [|^ or the resonant co-annihilation 
Xifi 1^. Except for XiXi 2l(i7), which can occur for high mA(H) when the width of 
A{H) is large, other resonant annihilation conditions imply a slightly hne tuned mass 
relation between y? and fi. 

If one ignores the resonant annihilation channels mentioned above, flisph'^ < 0.3 im¬ 
poses mo ^ 500 GeV/c^ and M 2 % 600 GeV/c^ for tan/?<50, and mo ^ 150(200) GeV/c^ 
and M 2 300 GeV/c^ for tan/?<10(20). This implies an upper limit on the LSP 
mass of 150-300 GeV/c^ depending on tan/? and, for example, on the mass of 200- 
600 GeV/c^, if the lightest neutralino is a gaugino. This is typically the case in mSUGRA, 

Such an analysis, employing B g-2, and Higgs constraints was perfomed in Q. The 

conclusions will change however if present CLEO ||37|| results, which bring the experimental average 
closer to the SM result, are used. 


























where 3.3 and the gaugino region is thus favoured. 

Neutralino dark matter has received a lot of attention in the literature (see for example 
and references therein). To set constraints on SUSY models it is often required 
that the LSP relict density should provide all the non-baryonic dark matter for which 
experimental evidence exists. This implies a lower bound on However, such a 

bound cannot be regarded as an experimental constraint, as there may be other suitable 
sources of the non-baryonic dark matter. 



5 Limits 


The searches described in the previous section were used to set limits on sparticles 
masses in the CMSSM with non universal Higgs parameters and in mSUGRA. Whenever 
available, combined LEP cross-section limits and mass limits were used. These concern 
chargino, slepton and squark searches. For the neutralino cascade decays via stau which 
were searched for so far only by DELPHI and ALEPH 
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j, it was assumed 

that other LEP collaborations can reach a similar sensitivity. It was also assumed that 
a{hZ) BR(h —»• bb) ^ 0.07 pb, in accordance with the results of searches for the Higgs 
boson production, rritop = 174.3 GeV/c^ was used, the dependence of results on this value 
is discussed further. 

Limits presented in this section are valid in the R-parity conserving scenario 
and in all R-parity violating scenarios where a chargino limit of 103 GeV/c^ 
or more can be set by LEP experiments, as discussed below. 


5.1 Limits in the CMSSM with nUHP 


Higgs boson searches and chargino searches set limits in this scenario. ’’Holes” which 
arise in chargino searches in the R-parity conserving scenario are covered by selectron, 
neutralino, Higgs and squark searches. All limits presented in this section are for 
771^=1000 GeV/c^. This choice is conservative from the point of view of the experimental 
limit set at low and moderate tan/? becouse the h° mass grows with m^. Although for 
92 < rriA < 120 GeV/c^ and tan/?>6 the limit on m-^o degrades to 91-110 GeV/c^, 
this is not expected to affect signihcantly any of the results presented in this sec¬ 
tion. High value of ttia ensures that the SUSY contribution to 6 —sy is small, at least 
for At > 0, in agreement with the present experimental value [p7|, ^(see section 


The following range of parameters was studied; —2000 < < 2000 GeV/c^, 

0 < Ms < 2000 GeV/c2, 0 < mo < 1000 GeV/c^ 3 < tan^d < 60, 0 < A* < 500 GeV/c^ 

Aj- = At, = 0 . 


Limits on the mass of the lightest neutralino 

The effect of various searches in the R-parity conserving scenario is illustrated on 
hgure ^ showing the LSP mass limit set by the Higgs and SUSY searches and by the 
SUSY searches alone, as a function of tan/?. The mixing in the third family was of the 
form: [A^- — /xtan/?, At, — /itan/?, At — /i/tan/?), and plots are shown for two values of At. 
The LSP mass limit ranges from 46-51 GeV/c^ depending on the scenario, as discussed 
below. 
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Figure 1: The lower limit at 95 % confidence level on the mass of the lightest neutralino, 
Xi, as a function of tan/3 assuming a stable Xi- The dashed and dotted (solid) curves 
shows limits obtained for At =500 GeV/c^ {At =0 GeV/c^), and with mixing in the third 
family of the form: {A^- — /itan /3, Ai, — /rtan /3, At — /x/tan /3, with A^ = Ar = 0). For lines 
marked “Higgs and SUSY”, constraints both from SUSY and Higgs searches were imposed. 
Thin dark lines show the limit obtained when a lower limit on the Higgs production cross- 
section as described in the text was imposed, while for the limit shown with the thicker 
lighter line, it was assumed that 2.1 a “excess” observed by LEP represents a real signal 
and it was required that 0.03 pb ^ a{hZ) BR(h —> bh) ^ 0.07 pb at a/s = 207 GeV. 
This condition excludes regions where h° decays to supersymmetric particles or is heavier 
than 117 GeV. For At = 0, thicker and thinner lines coincide. The dotted line shows the 
limit in the region where For other limits a condition mf^-m^o>5 GeV/c^ was 

imposed. ’’SUSY only” lines drop at low tan/3 due to a ’’hole” in chargino searches when 
the chargino is close in mass to the sneutrino. This hole is partially covered by selectron 
and neutralino searches. See the text for more information 









If only the SUSY searches are exploited the limit drops at tan /?<10 due to the ’’hole” in 
chargino searches, where the chargino is close in mass to the sneutrino. The ’’hole” is par¬ 
tially covered by selectron and neutralino searches, and it is less ’’deep” for ^4^=500 GeV /(? 
as higher mo is required to avoid the tachyonic stop (section |0|) . It is covered by the 
Higgs search for At = 0, as higher M 2 and tuq are required to get mj^o ^ 114 GeV/c^. 
At higher tan (3 values this sneutrino hole is covered, because a higher mo is required to 
get the fi heavier than the experimental limit, as the mass splitting between the heav¬ 
ier and the lighter stau grows with \At- — /itan/3|. If mfj=m^o is allowed (the dotted 
line) the limit drops at high tan/? to 46 GeV/c^, because another hole in chargino and 
stau searches develops. This ’’hole” is partially covered by neutralino and “degenerate” 
chargino searches, but it is not covered by the Higgs searches (unless it is assumed that 
2.1 (T observed at LEP represents the real signal and 0.03 pb ^ a(hOZ) BR(hO ^ bb) 
^ 0.07 pb is imposed, which excludes h° —>■ rifi which dominates in this region). This 
limit represents the most conservative scenario and it is maintained even if mixing in all 
the three families is treated as totally independent and assumed to have an arbitrary /i 
dependence. For other limits the condition mfj-m^o>5 GeV/c^ was imposed. Radiative 
corrections according to HI were applied. 

Only the range of tan/? > 3 was analysed, because in the mixing model used in 
this paper tan/? < 3 is excluded by the Higgs search. Although 2.4(2.0) ^ tan/? < 3 
for rritop = 174.3(179) GeV/c^ is allowed for the maximal mixing in the stop sector, a 
relatively high mo or M 2 is implied either to avoid a tachyonic stop, or to obtain mj^o ^ 
114 GeV/cT 

Thus, the limit m^o > 46 GeV/c^ is valid for tan/? > 1, and essentially independent 
of the mixing scenario. 


If R-parity is violated there are no holes in chargino searches. Both for purely leptonic 
and purely hadronic R-parity violating terms, the limit m^o > 50-51 GeV/c^ was set by 
DELPHI m for tan;? > 2. 

For a mixed leptonic-hadronic (LQD) R-parity violating term, ALEPH’s limit on 
the chargino mass at high mo can be translated to m^o ^ 51 GeV/c^ at tan/? > 2. 
Although the region of the lowest chargino production cross-section is excluded by the 
he and e^ mass limits of 91 and 93 GeV/c^ and by the Higgs limit, the cross-section 


limits from all LEP experiments have to be combined to set a similar mass limit on the 
lightest chargino (and neutralino) as for purely hadronic and leptonic terms. 


The neutralino mass limit is set in the gaugino region, at high \fi\ values. In the 
higgsino region xfxf production cross-sections at LEP are higher and m^o 


is closer to m-±, than in the gaugino region. In the higgsino region m-± < 

‘ _ Xl 


GeV/c2 


can be excluded even if m^o is very close or equal to m-± [^. For |/i| < 0.5 M 2 , limits 


on the cross-sections for Xi Xi production set by LEP exclude m^o < 80 GeV/c^. 


Limits on the sfermion masses and on the gluino mass 

The Higgs mass depends on m^ via radiative corrections, so Higgs searches can be 
used to set a limit on mr. Figure 0 shows the allowed range in the (mr , mr ) plane 

t ti bi 

resulting from Higgs and SUSY searches, for several values of tan/?, and for two example 
values of At. Figure ^ shows a lower limit on m^ and m^ as a function of tan/?. For 







Figure 2: Allowed range in (mr , mr ) plane at 95 % confidence for several values of 

ti bi 

tan /3, resulting from Higgs and SUSY searches. The darker (lighter) region is for = 0 
(At=500 GeV/c^). The hatched (cross-hatched) region on the lighter (darker) shading is 
allowed for 0.03 pb ^ (T(h°Z)BR(h° —> bb) ^ 0.07 pb. 


At = 500 GeV/c^, mr < 200 GeV/c^ is allowed if tan/3 < 20. If At=0 GeV/c^ one gets 
^ 700 GeV/c^ for all studied values of tan/3. A light sbottom (~ 100 GeV/c^) is 
allowed for tan/3 ^ 30, if At=500 GeV/c^. For At = 0, one gets mr > 200 GeV/c^ 

bi 

for tan/3<50. If there is a Standard Model like Higgs boson lighter than 117 GeV/c^, an 
upper limit of ~ 1000 GeV/c^ exists on mr and mr . 

bi tl 

In the GMSSM with nUHP the mass of the lightest Higgs boson is not directly related 
to M 2 value and (with all the caveats explained before) it is the chargino search which 
sets the limit on M 2 for At = 500, and for At = 0 if tan/3 > 10. For At = 0, large msusY 
is nevertheless required to push mj^o up, which results in forcing large mo for small M 2 . 

Limits on m^, M 2 , mg, m^, m^, mp m^, mg^ and mg^ as a function of tan/3 are 
shown on hgure ^ As expected, m^ and mj ^ 330 GeV/c^. At high tan/3 higher mo 
is required to avoid the stau becoming the LSP. This is reflected in a rise of the limits 







Figure 3: From left to right, top to bottom; Limits on rrig and M 2 , mj and m~^ 
and , rriej^, and rrie as a function of tan/?, in the CMSSM with non-universal Higgs 
parameters. Solid (dashed) lines show limits for At = Q {At = 500 GeV/c^). 


on the slepton masses and mr with tan/? for At = 500 GeV/c^ (where the theoretical 
value of is above the experimental limit even for relatively low mo values). Limits 
of 100-150 GeV/c^ are set for mg^ and m^, and 120-180 GeV/c^ for mg^. 

It should be noted that all limits discussed so far are not expected to depend on the 
sign of At. 

Effect of 6 —>■ 57 and Dark Matter constraints 

As discussed in section for > 0, 6 —> 57 constraints are not expected to affect any 
of the limits presented in this section. If < 0, positive /i values are favoured, and for 
tan/? >20 and At ~ —500 GeV/c^ either ti or xf must be heavier than ~250 GeV/c^, or 
mH±{mA) must be of the order of 250(200) GeV/c^. As Higgs and SUSY searches impose 
mi^ > 200 GeV/c^ for tan/?>20, b ^ constraints do not tighten very much this limit. 












In the R-parity conserving scenario, the relict density of dark matter can be used to set 
upper limits on sparticle masses, if the lightest neutralino is a gaugino. If one ignores 
slightly hne-tuned possibilities of the neutralino being very close in mass to fi or, (much 
less hne-tuned) to 0.5 mA,H (resonant annihilation), the condition VL^sph < 0.3 imposes 
mo ^ 500 GeV/c^ and M 2 ^ 600 GeV/c^ for tan/9<50, and mo ^ 150(200) GeV/c^ and 
M 2 ^ 300 GeV/c^ for tan/3<10(20). This implies an upper limit on the LSP mass of 150- 
300 GeV/c^ depending on tan/3, on mg^ of 200-600 GeV/c^, on mg^ of 300-500 GeV/c^, 
and on rrig of 1000-2000 GeV/c^. For tan/3< 10 a mixing-dependent upper limit of 800- 
1100 GeV/c^ on the masses of G and bi is set. 


5.2 Limits in the mSUGRA scenario 


Limits on the mSUGRA model for Aq = 0 were discussed in detail in |^, |T^. The Higgs 
search plays a major role in setting these limits, and the value of m^o depends crucially 
on At ~ O. 25 H 0 ~ 2mi/2, as it was noted in for example |^. Here, Aq values in the 
range of (—500,500 GeV/c^) are studied. The dependence of the results on the accuracy 
of the Higgs mass calculations is discussed in the following. The ISASUGRA model 
was used to calculate the sparticle spectrum and the values of the MSSM parameters at 
the EW scale, but the radiative corrections of ref. |^| to chargino and neutralino masses 
were implemented. The calculations of mj^o of ref. ^ were used, which give m-^o typically 
2-3 GeV/c^ higher than in the ISASUGRA model. 

To illustrate the effects of various searches, the corresponding exclusions in the mo and 
mi /2 plane are plotted on hgure ^ for two values of tan /3, Aq and the sign of /r. The value 
of rritop = 174.3 GeV/c^ was used. Ghargino searches set a limit on mi /2 that is nearly 
independent mo and Aq. Searches for neutralinos, selectrons and staus help to cover holes 
in the chargino search at low mo arising in R-parity conserving scenarios. Searches for the 
Higgs boson set a limit on mi /2 which depends very strongly on Aq and rritop- R should 
be noted that just a 1 GeV/c^ change in the calculated value of the h° mass can move 
the limit on mi /2 set by the Higgs boson searches by 30-150 GeV/c MQ) depending on 
tan/3! For Aq = —500 GeV/c^ and /i > 0, Higgs searches exclude mi /2 values just about 
25 GeV/c^ higher than these excluded by chargino searches already at tan/3>5. 

As remarked in section ||, in mSUGRA p > 0 is favoured due to strong constraints 
from 6 —> 57 on /i < 0. 


Excluded regions in mi /2 can be translated into limits on m^o and rn^±. Limits on 

. m-± is ciose to 2m^o. 

Xi Al 


m^o are illustrated on hgure || for several values of Aq and rritop 
For Aq = —500 GeV/c^ the Higgs search does not contribute for tan/3 > 10 and limit 
is given by the SUSY searches. However, Higgs searches become more constraining for 
positive Aq values, as long as they lead to an appreciable decrease of the absolute value 
of Xt — O. 25 A 0 ~ 2mi/2(l + cot(3) for mi /2 values where the chargino limit is no longer 
effective ( ^ 150 GeV/c^). For Aq and tan/3 values where the Higgs search contributes, 
the LSP limit can change by 50 GeV/c^ for a 3 GeV/c^ change of the Higgs mass. The 
m^o limit presented here is in agreement with the conservative “prediction” of the hnal 

The Higgs mass calculations of § used in this paper give values 1-3 GeV/c^ higher than Feyn- 
Higgs used for example in fisll . Limits presented here are thus somewhat more conservative. With this 
conservative Higgs mass calculation mg = 0 is still allowed for tan /3 ~ 5 (see figure ^ , as remarked in 












Figure 4: Exclusion regions in the mSUGRA scenario from Higgs and SUSY searches at 
LEP and stop searches at LEP and Tevatron Run I, for two values of tan (3 and Aq. Light 
shaded vertical bands are excluded by chargino searches, cross-hatched vertical bands are 
excluded by Higgs searches, and fine cross-hatched areas for plots with Aq = —500 GeV/ 
are excluded by stop searches at LEP and Tevatron. Searches for neutralinos, e^ and fi 
(marked with intermediate shading) complement chargino searches for low mg in R-parity 
conserving scenarios. In most parity violating scenarios, a similar vertical band is excluded 
by chargino searches, but “holes” for small mo are absent. Dark hatched shading shows 
regions where either the fi or the ti is the LSP, or the ti is tachyonic. 






































LSP mass limit from [Q and it is more conservative than the resnlt presented in P9| , 
probably due to a more conservative Higgs mass calculation. 

Figure ^ illustrates limits on rrig, rrie and These limits are close to the ones 

obtained in the CMSSM scenario. For Aq = —500 GeV/c^, the Higgs limit is not con¬ 
straining for tau/d > 10 and /r > 0. At higher tan/? there is a limit on mo set by the 
requirement that fi should be heavier than x^, and limits on the sleptons rise. The Higgs 
constraint degrades for tan /? > 40 due to a light A boson being allowed, which results in 
a decrease of the experimental sensitivity (see section 0). 

Figure 0 shows the allowed range in the (mr , mr ) plane resulting from Higgs and 

^ ti bi 

SUSY searches in mSUGRA, for several values of tan /?, and for two example values of Aq. 
For Aq = —500 GeV/c^, mr < 200 GeV/c^ is marginally allowed for 10 < tan/? < 20. 

mr ^ 300 GeV/c^ for Ao=0. The lightest sbottom is heavier than 200 GeV/c^ for all the 

tl 

range of Aq and tan/? studied. For /i > 0, which is less restricted by 6 —>• sy constraints, 
the possible “evidence” for the light h° sets an upper limit of close to 1000 GeV/c^ on 
the masses of ti and bi. 

Gonstraints resulting from the b —>■ sj measurement can tighten the above limits on 
sleptons and squarks at tan/? > 20, while limits on m^o, m-± and rrig are not going to 
be affected as b ^ sx does not constrain mi /2 for high mo (heavy squarks). However, 
if one applies both b ^ limits and an upper limit on mo for small mi /2 resulting 
from the upper limit on the relict density (R-parity conserving scenario), lower limits on 
m^o(m-±) ^ 110(220) GeV/c^ and rrig ^ 700 GeV/c^ will result for tan/?>20. Results 
of and suggest that, at least for Aq = 0, there is little room for spectra which are 
consistent both with b ^ sj and an upper limit on the relic density for tan /?>35, unless 
resonant neutralino annihilation and co-annihilation are taken into account. 

li b ^ sj constraints from are applied, the lower limit on the mass of the ti 
(bi) grows to 300 GeV/c^ (450 GeV/c^) for tan/?> 20. However, these constraints have 
to be recalculated for Aq values other than 0. In particular, large positive values of Aq 
(such that At is positive at mi /2 ~ 150 GeV/c^) should be considered, as they weaken 
b ^ sx constraints |41|. Moreover mass constraints above cannot be interpretted a 95% 


conhdence limits with the present treatment of the experimental and theoretical errors 
on 6 —>■ sy. 

It is interesting to note that both the possible “evidence” for the light h° and “naively” 
applied dark matter constraints (ignoring the neutralino-stau co-annihilation, and the 
resonant neutralino annihilation) imply an upper limit of close to 1000 GeV/c^ on the 
masses of ti and bi, and an upper limit of 150-250 GeV/c^ on the LSP mass. 


6 Searches at the Tevatron Run II and a summary 
of LEP and Run I limits 


Although hnding a light h° at the Tevatron would constitute an interesting suggestion 
that the MSSM is the right extension of the Standard Model, only the observation of the 
sparticles can establish its validity. 

Several channels of sparticle production in R-parity conserving scenario are considered 
for Run H of the Tevatron, among them the production of XiX 2 ^ xtx 2 ^ fiU; bibi, gluino 











Figure 5: The lower limit at 95 % confidence level on the mass of the lightest neutralino, 
X?, in mSUGRA. The limits for positive /i (upper plot) and negative /i (lower plot) are 
shown. The dashed, solid, and dotted curves shows limits obtained for Aq =-500 GeV/c^, 
Aq =0 and Aq =300 GeV/c^, respectively. The thin solid curve on the lower plot shows the 
limit for Aq = 0 and rritop = 180.0 GeV/c^. rritop = 174.3 GeV/c^ for all other curves. The 
LSP limit degrades in this case down to the one set by chargino searches for tan/3 > 15. 
Thin solid (dashed) curves on the upper plot show the limit obtained for Aq =0 GeV/c^ 
(Aq =-500 GeV/c^) with the calculated m-^o value lowered by 3 GeV/c^ (this corresponds 
to a rise in the experimental limit). These limits result primarily from chargino and Higgs 
searches and are also valid in R-parity violating scenarios as long as a kinematic limit on 
the chargino mass can be set. If 6 —> sy and dark matter (R-parity conserving scenario) 
constraints were used, the lower limit on the LSP mass would rise to ~ 110 GeV/c^ for 
tan/3>20. 















Figure 6: The lower limit at 95 % confidence level on the masses g, br and bl, in 
mSUGRA. The limits for positive /i (negative /i) are shown in thin dark (thick light) lines. 
The dashed (solid) curve shows limits obtained for Aq =-500 GeV/c^ (Aq =0 GeV/c^). 
See text for more explanations. These limits result primarily from chargino, br and Higgs 
searches and are also valid in R-parity violating scenario, as long as the kinematic limit on 
the chargino mass can be set. In R-parity violating scenarios regions, where the br limit 
is effective, and which are not covered by the Higgs search, are covered either by chargino 
searches or by stop searches, or by the requirement of a non-tachyonic stop. These limits 
can be tighten for tan/9> 20, if 5 —>■ sy and dark matter (R-parity conserving scenario) 
constraints are used (see text). 











Figure 7: Allowed range in (mr , mr ) plane, at 95 % confidence level for several values of 

ti bi 

tan/?, resulting from Higgs and SUSY searches. The darker (lighter) region is for Aq = 0 
(Ao=-500 GeV/c^). The hatched (cross-hatched) region on the lighter (darker) shading is 
allowed for 0.03 pb ^ (T(h°Z)BR(h° — bb) ^ 0.07 pb. Only the region /i > 0 is shown, 
as it is less restricted. If 5 —> sy constraints from are applied, the lower limit on the 
mass of the ti (bi) grows to 300 GeV/c^ (450 GeV/c^) for tan/?> 20 (see text). 






and squark production are the most important ones m 0- An approximate reach 
of Run II with 25 (2) fb~^ in the masses of the above sparticles is 150 (110) GeV/c^ 
for m-±, 75 (55) GeV/c^ for m^o and 450 (330) GeV/c^ for the gluino mass, provided 

mo ^ 200 GeV/c^. The stop, ti, is observable up to 260(180) GeV/c^ and the bi up to 
280(210) GeV/cT 


In R-parity violating scenarios, where the LSP decays to the hnal states containing 
leptons (via leptonic A and leptonic-hadronic X' coupling) higher reach was reported for 
the sparticle pair-production . This is primarily due to the better visibility of the hnal 
states. Using all the SUSY production channels and assuming mSUGRA mass relations, 
gluino with mass below 500-600 GeV/c^ can be excluded at Run Ila (2 fb~^). Searches 
for single sparticle production can have a higher kinematic reach, but production cross- 
sections depend directly on the value of the R-parity violating coupling involved. 

LEP and Tevatron Run I searches place relevant limits on the masses of the all above 
particles. 

In the constrained MSSM with non-universal Higgs parameters, the lightest chargino, 
the lightest neutralino and the gluino could be in the range of the Tevatron Run II for 
tan/9>3, but only in the high luminosity scenario. For large mixing in the stop sector, 
the stop lighter than 200 GeV/c^ is allowed for 3 ^ tan/? ^ 20 — 30, and bi lighter than 
200 GeV/c^ is allowed for tan/? ^ 10. These squarks could thus be observable in Tevatron 
Run Ila {2fb~^). However, for small mixing they are above the range of the Tevatron. 

Light stau rrif^ ^ 87 is not excluded by LEP H constraints, and could be perhaps 
observable at the Tevatron. 

In the mSUGRA scenario, gauginos could be observed at the Tevatron (Run Hb) if 
Aq is large and tan/3 ^ 7. Gluino can be lighter than 500-600 GeV/c^ for fi > 0,tan/3 ^ 
7, thus the R-parity violating SUSY can be observed already at the Run Ha, if the LSP 
decays give electrons or muons. The stop, ti, can be lighter than 200 GeV/c^ and thus in 
the range of Run Ha , for large Aq and 10 ^ tan/? ^ 30. The sbottom can be somewhat 
lighter than 300 GeV/c^ for large Aq and 10 ^ tan/? ^ 40, thus perhaps in the range 
of Run Hb. However, if 6 —^ sy constraints are used, the stop and sbottom are beyond 
the reach of the Tevatron for tan /? ^ 20. If both 6 —> sy and cosmological constraints 
are used (R-parity conservation), gauginos (chargino, neutralino, gluino) are beyond the 
reach of the Tevatron for tan /3 ^ 20. For 7 ^ tan /3 ^ 20 it is still possible to observe 
gauginos in Run Hb (for large Aq) and the possibility of their discovery is enhanced due 
to the upper limit set on mo by the relict density of the LSP’s. 


Searches for the stop and the sbottom thus seem to be the most promising SUSY 
disovery channels at Run Ha. Below a few examples of non-excluded sets of GMSSM and 
mSUGRA parameters corresponding to the light stop or sbottom are given (parameters 
in GeV/c^ whenever appropriate): 

MSSM: tan;3=10, mo = 154, /x = -1200, Ms = 106, At = 500, A;, = A^ = 0, 
rriA = 1000. In this point mt=198 and 771^=246. The stop decays to xt b, and xf —>• fiu, 
rrif =100 GeV/c^. 


MSSM: tan/3=10, mo = 80, /i = 300, Ms = 133, A* = -800, At = -800, A^ = -495, 
rriA = 1000. In this point m^=194, and mj;,=367. The stop decays to Xi b, and Xi Ai/, 
my^=96 GeV/c2. 

MSSM: tan/?=35, mo = 300, = 1519, Ms = 160, At = 1100, A,, = A., = 0, 



rriA = 1000. In this point mz=374: and mr=177. The sbottom decays to y? b (80%), y, 
b (20%) and xl ^ hr. m^^ = 100 GeV/c\ 

mSUGRA: tan/?=10, mo = 80, mi /2 = 160, Aq = —400, /i > 0. In this point mi=176 
and m^=318. 

mSUGRA: tan/d=15, uiq = 100, mi /2 = 180, Aq = —500, /i > 0. In this point mi=13Q 
and m^=309. 

In many of these points fi is relatively light and final states with r’s are important. 

However three-body decays ti —bW are not important for the stop detectable at the 
Tevatron, due to the high limit on rriy set by LEP (see previous section). For the same 
reason, the decays ti ^ htv are only important if i=fi. 


In summary, the stop and the sbotom searches are the most promising discovery 
channels of gravity-mediated SUSY with R-parity conservation. As also pointed out in 
47| the final states containing tans should be given a special attention. For /i > 0 and 
tanb ^ 7, R-parity violating SUSY can be observed already in Run Ila if the LSP decays 
give electrons or muons. 


It is interesting to note that in the constrained MSSM with non-universal Higgs param¬ 
eters, the requirement that there is a Standard-Model-like h*^ with mj^o < 117 GeV/c^ 
sets an upper limit of around 1 TeV/c^ on the mass of the lightest stop. A similar 
limit is set by the requirement that < 0-3 if the lightest neutralino is a gaug- 

ino and the resonant annihilation and resonant co-annihilation are ignored. The mass 
region 50 ^ m^o ^ 300 GeV/c^ is preferred. If the lightest neutralino is a higgsino, 
m^o > 80 GeV/c^ is set by the LEP results, excluding a possibility of the light higgsino 
Dark Matter (see [H]). 

Similar conclusions can be drawn in the mSUGRA scenario; the results of []^ and 
ISj suggest though that (for Aq = 0 and tan/?>35) there is little room for spectra 
which are consistent both with b ^ sj and with an upper limit on the relic density, 
outside the regions allowed by the resonant neutralino annihilation and the resonant 
neutralino-stau co-annihilation. However, these constraints have to be recalculated for 
Aq values other than 0. In particular, large positive values of Aq such that At is positive 
at mi /2 ^ 150 GeV/c^, should be considered, as they weaken b ^ s'} constraints fill . 
They can allow for lighter sparticles at large tan /3, where the LEP Higgs mass limit is less 
effective in terms of constraints on mi/ 2 - Moreover the treatment of the experimental and 
theoretical errors on 6 —> sy has to be improved to enable the statistical interpretation of 
the resulting constraints. 
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